(100 5-set inescapable tail shocks; IS) could also produce long term changes in basal CORT and CBG. We report that a single session of IS results in an increase in basal total serum CORT that persists 48-96 h after IS termination.
The increase is present only at the diurnal trough (morning). CBG levels are also decreased for h. The decrease is present at both the diurnal peak (evening) as well as the trough (morning). These changes result in an increase in the percent and amount of biologically active CORT (unbound or free). Thus, glucocorticoid-sensitive targets are exposed to high levels of free CORT for several days after IS termination.
The long term increase in free CORT reported here may play an important role in mediating some of the effects produced by IS as well as those produced by other acute stressors. (Endocrinology 136: 5336-5342, 1995) A DRENAL glucocorticoids play an important role in mediating many of the behavioral and physiological effects of exposure to stressors (1). The focus has been on the acute rise in total glucocorticoids [corticosterone (CORT) in the rat] that begins 2-3 min after the onset of a stressor and returns to baseline within l-2 h after termination of the stressor (2). However, it has been reported that basal levels of CORT are elevated in repeatedly stressed organisms (3-7). This increase in basal values was especially evident at the diurnal trough of the circadian rhythm and persisted for several days after the stressor was no longer presented.
Such long term elevations in basal CORT could produce important behavioral, neural, and metabolic changes. Furthermore, stress-induced basal shifts in CORT could be responsible for some of the outcomes that have been attributed to the acute stress-induced rise in CORT. This is because many of the manipulations that have been used to examine CORT involvement (adrenalectomy, receptor antagonists such as RU 486, which have a very long half-life, etc.) would prevent basal shifts or their effectiveness, as well as the acute CORT response. However, this small shift in basal CORT has been largely ignored as a potential candidate for mediating stress effects because of its modest size. On the average, an increase of 2-10 pg/dl at the morning (AM) trough has been reported. Importantly, recent work has indicated that chronic stressor exposure (8,9) and chronic ACTH/CORT injections (10) produce decreases in corticosteroid-binding globulin (CBG) or transcortin. CBG is a plasma carrier protein important for transporting CORT in its biologically inactive form (11). Under basal conditions, 90-95% of plasma CORT is bound to CBG, and a reduction in CBG would be expected to produce a measurable increase in unbound or free biologically active CORT (12). Moreover, the combination of a small rise in basal CORT and a reduction in CBG levels could lead to a substantial increase in free CORT. CORT that is bound to CBG cannot reach many target tissues and cannot bind with target receptors (13). Thus, the potentially large increase in free CORT resulting from chronic stressors could have an important influence on steroid receptor occupancy for a period of several days after termination of the stressor.
The effects of acute stressor exposure or a single ACTH/ CORT injection on basal CORT and/or CBG levels are unclear (10, 14) . However, most studies have either not examined basal CORT levels or CBG after acute stressor exposure or do not find shifts (4, 5, 15, 16) .
Exposure to a single acute 90-min session of 80-100 inescapable tail shocks (IS) results in several long term changes in behavior and immune function that are glucocorticoid sensitive and are not due to the acute stress-induced rise in CORT (17, 18) . It is possible, therefore, that acute exposure to IS might produce a long term shift in basal CORT and CBG levels similar to that previously reported after chronic stressor exposure and ACTH/CORT injection. Any such increase in free CORT could be responsible for some of the changes produced by IS and other acute stressors.
The mechanisms responsible for chronic stressor-induced increases in basal CORT and/or CBGs are unknown. One possibility is that the high levels of CORT during and immediately after chronic stressor exposure down-regulate CORT receptors, thereby reducing negative feedback in the hypothalamic-pituitary-adrenal (HPA) axis (19). A decrease in negative feedback would result in elevated basal CORT (20) . If a single session of IS were to produce an elevation in basal CORT due to a reduction in HPA axis negative feedback consequent to the acute stress-induced rise in CORT, then acute exogenous administration of a matching amount of CORT should produce the increase in basal CORT.
The mechanisms that regulate CBG are poorly understood. One possibility is that circulating CORT levels modulate CBG levels. This is suggested because removal of CORT via adrenalectomy increases CBG levels (21-23), whereas chronic high doses of exogenous CORT decrease CBG (21, 22, 24) . If a single session of IS were to decrease CBG levels and if this effect were caused by the high levels of CORT released during IS, then a single injection of an amount of CORT that duplicates the CORT profile produced by IS should also result in decreased CBG. It is not known whether a single administration of CORT would have this effect. A second issue concerns how the CBG is actually altered by stressors. The obvious possibilities are that CBG could be reduced because clearance is increased, synthesis in the liver is decreased, or both. However, as CBG is often measured with a competitive binding assay, it is possible that the apparent decrease reflects, instead, a reduction in the binding affinity of CBG for CORT. Indeed, Hammond and colleagues (25) proposed a mechanism for quickly increasing the amount of free CORT by reductions in the CBG binding affinity (Kd) for CORT. They proposed that at a site of inflammation, leukocytes may increase the amount of biologically active CORT by releasing elastase. Elastase cleaves the CBG molecule, causing it to release bound CORT, thereby increasing the amount of free CORT at the site. If this mechanism is responsible for any apparent IS-induced reductions in CBG, then IS should result in a decrease in the binding affinity of CBG for CORT.
Thus, the following experiments investigated whether exposure to a single session of IS would produce changes in basal CORT and CBG. A further purpose was to begin to address possible mechanisms responsible for any such changes. We examined whether 1) IS would produce an elevation in circadian peak [evening (PM)] and/or trough (AM) basal levels of total CORT; 2) IS would produce a decrease in CBG; 3) a single injection of CORT, which results in serum CORT levels similar to those produced by IS, would produce an increase in basal CORT and/or a decrease in CBG; 4) IS would alter the binding affinity (Kd) of CBG for CORT; and 5) IS would increase the percentage and amount of free CORT. 
Animals

Stress protocol
Animals either remained in their home cages (HC controls; HCC) or were placed in Plexiglas restraining tubes (23.4 cm long and 7-cm diameter) and exposed to 100 5-set, 1.6-mA IS, with an average intertrial interval of 60-set, through electrodes attached to the tail. All animals were stressed between 0800-1000 h. After stressor termination, rats were returned to their home cages, which were placed on the opposite side of the room (14 X 12 ft) from the HCC animals.
Blood sampling and total CORT assessment Baseline (BL) or pretreatment blood samples were taken from every animal between 0900-0930 h. Rats were quickly removed from their home cage, gently wrapped in a towel, and lightly restrained with a Velcro strapping apparatus.
The tail was exposed, a small nick was made with a scalpel (no. 15 blade), and the blood sample (150 ~1) was quickly milked from the tail vein. The entire sampling procedure was accomplished within 2 min of touching the cage to ensure low basal levels of CORT. Rats were then either exposed to IS (n = 6 to g/group) as described above or returned to their home cages (HCC; n = 6-8/group). After IS, animals were returned to their home cages, and repeated blood samples were taken from both groups at various times after IS termination Blood samples were allowed to clot, and serum was removed and frozen at -20 C until later analysis. The dissociation constant (KJ and binding maximum (B,,,) of CBG for CORT was measured in a subset of HCC rats and rats exposed to IS. CBG assay conditions were the same as those described above, with the exception that a saturation curve of 13H1CORT specific binding (0.5-15.0 nM) was generated for each sample. Linear regression of the ratio of bound to free L3H1CORT zts. bound 13H1CORT was then used to derive &I and B,,, parameters according to the Scatchard method (27).
Free CORT assessment
Plasma free CORT was measured using a procedure previously described (28,29 free CORT = (cpm filtrate (free CORT)/fcpm retentate (bound CORT) X total CORT (prior RIA).
Experimental procedures
Time-col*vse experiment.
To reduce variability and ensure basal levels of CORT, groups of no more than eight animals of IS and time-matched HCCs were tested on a given day. All blood samples (150 ~1) were taken at the diurnal trough (0900-0930 h), as described above. No more than four repeated samples were taken from a given rat to reduce the effect of repeated tail vein blood sampling on CORT. The time-course experiment involved two separate studies (n = 8) per group. Animals in the first study (IS = 8; HCC = 8) had blood samples taken before stressor exposure (BL) and 24 and 48 h after IS termination. In the second study (IS = 8; HCC = 8), animals had blood samples taken before stressor exposure (BL) and 48,72, and 96 h after IS termination. Baseline CORT and CBG values were assessed as described above and did not differ for these two studies, so the data are presented and analyzed as one timecourse experiment.
Circadian peak experiment. This experiment examined the effect of IS exposure on diurnal peak (1830-1900 h) levels of basal CORT. Rats (n = 6) were exposed to IS or remained in their home cages (n = 6). Blood samples (150 ~1) were taken immediately before IS (BL; 0900), 6.5 h after IS (1830), and 30.5 h after IS (1830). Total CORT and CBG were measured as previously described.
CORT injection experiment. Rats were SC injected with CORT (n = 6; 2.5 mg/kg/ml; Sigma C2505) in propylene glycol vehicle (1,2-propanediol, Fisher Scientific, Fairlawn, NJ) or vehicle alone (n = 6). This dose was based on pilot work that determined it would duplicate total serum levels of CORT produced by IS. Blood samples (150 ~1) were taken 25 min, 100 min, 2 h 40 min, 3 h 40 min, 5 h 40 min, and 24 h after injection. These time points were chosen to mimic time points taken after IS and are roughly equal to samples taken after 25 shocks, 100 shocks, 1 h after IS termination (2 h 40 min), 2 h after IS termination (3 h 40 min), and 4 h after IS termination (5 h 40 min). CORT was measured at all time points, and CBG was measured 100 min and 24 h after injection.
CBG Scatchard analysis. Rats were exposed to IS (n = 7) or remained in their home cage (HCC; n = 7). Blood samples (900 ~1) were taken immediately before IS (BL) and 24 h after IS (24 h), as previously described. Total CORT (IS, n = 7; HCC, n = 7) and single point binding CBG levels (IS, n = 4; HCC, n = 4) were measured, thus replicating the initial studies, previously described.
To assess whether IS causes a change in CBG binding affinity (K,) or a reduction in the number of CBG-binding sites (B,,,), a Scatchard analysis of saturation curves generated from samples taken from a random subset of rats from each condition (IS, n = 4; HCC, n = 4) was conducted.
Free CORT experiment. Rats were exposed to IS (n = 6) or remained in their home cage (HCC; n = 8). Twenty-four hours after IS termination (1000-1100 h), rats were quickly decapitated, and trunk blood was collected in heparinized tubes (3-6 ml). Samples were spun for 10 min. Plasma was removed and frozen at -20 C. Plasma levels of total CORT, CBG, and free CORT were measured as previously described.
Statistical analyses
BL pretreatment values for serum CORT and CBG data were analyzed separately for every experiment using a single factor analysis of variance (ANOVA) and were found not to differ in any study U's cO.05). Factorial ANOVAs were performed on CORT and CBG data from the time-course study. Factorial analysis was chosen because the experiment involved different animals being bled at different time points to avoid repeated blood sampling effects. CORT and CBG data from the circadian peak study and CORT injection study were analyzed using a two-factor ANOVA with one within repeated measure (time) and one betweengroup factor (condition) because these studies involved the same animal repeatedly bled at each time point. Post-hoc analyses of individual time points were performed using Scheffe's F tests. Total serum CORT data and single point CBG data from the CBG Scatchard analysis study were analyzed as described above. K, and B,,, values were each analyzed using single factor ANOVAs (IS US. HCC) for both the BL and 24 h after IS termination samples. Total CORT, CBG, and free CORT data from the free CORT study were analyzed using single factor (IS vs. HCC) ANOVAs.
Results
Time-course experiment
Exposure to a single acute session of IS resulted in a reliable increase in basal levels of serum total CORT compared with time-matched HCC values (Fig. 1, top panel) . This increase in basal levels was evident 24 and 48 h after IS and dissipated by 72 h. A 2 X 4 repeated measures ANOVA revealed a reliable main effect [F(1,65) = 9.6; P = 0.0031 of stress condition (IS US. HCC) and a reliable interaction [F(3,65) = 2.8; P = 0.041 of time after IS termination (24,48, 72, and 96 h) and stress condition (IS US. HCC). Scheffe's post-hoc analyses revealed reliable differences (Ps < 0.05) in CORT levels between IS and HCC rats 24 and 48 h after IS termination.
Exposure to a single acute session of IS resulted in a reliable decrease in serum CBG levels compared with timematched HCC values (Fig. 1, bottom panel) . A 2 X 4 repeated measure ANOVA revealed a reliable main effect of time after IS termination [F(3,62) = 3.5; P = 0.0091 and a reliable interaction of time after IS termination and condition [F(3,62) = 3.5; P = 0.021. Scheffe's post-hoc analyses revealed a reliable decrease (P < 0.01) in CBG compared with HCC values 24 h after IS termination.
Circadian peak experiment
Exposure to IS did not result in a reliable change in diurnal peak levels (1830 h) of CORT determined 6.5 or 30.5 h after IS termination (Fig. 2, top panel) . There was a reliable differ- 
IS or remained in their home cages (HCC).
Tail vein blood samples were taken between 0900-0930 h, and total serum CORT was measured using RIA. *, P < 0.05. Bottom, Rats were exposed to a single session of 100 5-set, 1.6-mA IS or remained in their home cages (HCC). Tail vein blood samples were taken between 0900-0930 h, and CBG was measured using competitive binding assay. *, P < 0.05.
ence in overall diurnal peak levels of CORT between the first sample (6.6 h) and the second sample (30.5 h) after IS. A 2 X 2 repeated measure ANOVA revealed no main effect of stress condition (IS US. HCC) and no interaction between stress condition and time after IS termination (P > 0.05). There was, however, a reliable effect of time after IS termination [F(1,9) = 6.1; P = 0.031. Exposure to IS reduced CBG levels at the diurnal peak of CORT (Fig. 2, bottom panel) . In addition, CBG in HCC did not differ between AM and PM. A 2 X 2 repeated measure ANOVA revealed a main effect [F(1,9) = 8.9; P = 0.011 of stress condition (IS US. HCC), no reliable effect of time after IS termination, and no interaction (P > 0.05). Scheffe's posthoc analyses supported reliable reductions of CBG both 6.5 and 30.5 h after IS termination (P < 0.05).
CORT injection experiment
As shown in Fig. 3, top Tail vein samples were taken at the diurnal peak (1830 h), and total serum CORT was measured using RIA. *, P < 0.05. Bottom, Rats were exposed to a single session of 100 ELsec, 1.6-mA IS or remained in their home cages (HCC). Tail vein samples were taken at the diurnal peak (1830 h), and CBG was measured using competitive binding assay. *, P < 0.05.
and a reliable interaction [F(5,45) = 21.0; P = .OOOl]. Serum CORT levels were reliably higher in CORT-injected rats compared to vehicle-injected controls at the 25 min, 100 min, 1 h post, and 2 h post points (Scheffe's post-hoc P < 0.001). Importantly, CORT-injected animals did not have higher basal serum CORT levels than vehicle-injected controls 24 h later (Fig. 3 , top panel; P > 0.05). Figure 3 (top panel) also shows our previously reported data (2) depicting CORT levels during and after IS at the same points in time. Clearly, the 2.5 mg/kg dose of CORT led to a profile quite similar to that produced by IS. CBG levels were measured only at the 100 min and 24 h post points. As shown in Fig. 3 (bottom panel) , the CORT (2.5 mg/kg) injection had no effect on CBG levels (P > 0.05), even though it produced serum CORT levels similar to those in the IS group.
CBG Scatchard analysis study
Replicating our initial observations, basal CORT levels were increased [F(1,12) = 8.0; P = 0.011 and CBG levels Endo. 1995 Vol 136 . to that produced by exposure to 100 &see, 1.6~mA IS. Pretreatment or BL samples were taken between 0900-0930 h. Later samples were taken periodically after injection, at the same approximate times as those collected during and after IS. *, P < 0.05. Bottom, Rats were given a SC injection of CORT (2.5 mg/kg) or vehicle.
Tail vein samples were collected 100 min and 24 h after injection.
CBG was measured using competitive binding assay. *, P < 0.05. decreased [F(1,6) = 34.6; P = O.OOl] 24 h after IS termination (Table 1) .
Scatchard analysis of saturation curves (Table 1 ) from both IS and HCC rats found no reliable change in CBG binding affinity for CORT (Kd) 24 h after IS termination (P > 0.05). The total concentration of CBG or B,,, did not differ in BL samples (P > 0.05); however, IS exposure reliably decreased the total concentration of CBG (B,,,) 24 h after IS termination [F(1,6) = 36.0; P = 0.0011.
Free CORT assessment
Total CORT levels were increased [F(1,13) = 11.5; P = 0.0051 and CBG levels were decreased [F(1,12) = 17.5; P = O.OOl] 24 h after IS termination (Fig. 4, top and middle  panels) . Thus, the same pattern of results was found in trunk blood samples as in tail vein samples (Figs. 1, 2 , and 3 and Table 1 h. Total serum CORT was measured using RIA. *, P < 0.05. Middle, Rats were exposed to a single session of 100 5-set, 1.6-mA IS or remained in their home cages (HCC). Trunk blood samples were taken 24 h after IS at 0900-0930 h. CBG was measured using competitive binding assay. *, P < 0.05. Bottom, Rats were exposed to a single session of 100 5-set, 1.6-mA IS or remained in their home cages (HCC). Trunk blood samples were taken 24 h after IS at 0900-0930 h. Free or unbound serum CORT levels were measured using microfiltration and RIA. *, P < 0.05.
Discussion
Exposure to a single session of IS resulted in an increase in basal total CORT. The increase persisted 24-48 h after IS termination and was detectable at the diurnal trough (AM) of CORT. Circadian peak (PM) levels of CORT remained normal. IS also decreased CBG levels. The decrease in CBG was not evident immediately after IS (our unpublished observations), but was evident 6.5 h after IS and persisted up to 48 h after IS termination. The measured decrease in CBG was not due to a change in CBG affinity for CORT. Neither basal CORT nor CBG change was produced by exogenous CORT that led to total serum CORT levels similar to those produced by IS. IS increased both the percentage and the amount of free CORT measured 24 h after IS termination. These data demonstrate that an acute stressor can cause changes in CORT and CBG similar to those sometimes found after chronic stressors. An increase in total basal CORT and a decrease in CBG were found in samples taken using either the tail cut procedure or decapitation. These results demonstrate that the reported IS-induced elevation in basal CORT is not due to a potentiated response to the slight stress of the tail-cutting procedure.
One issue concerning small shifts in CORT such as those found here has been whether they are biologically meaningful in terms of action on target tissue. This concern is particularly salient, because it has been previously reported that animals whose basal AM levels of CORT were increased by administration of small amounts of exogenous CORT had decreased PM levels of CORT (30). Indeed, the magnitude of the PM decrease was sufficient to counteract the AM increase, so that the total average daily amount of CORT was not altered (30). This compensatory mechanism was suggested to protect organisms from the potentially detrimental effect of elevated glucocorticoids.
Animals exposed to IS had increased basal AM CORT, but did not show a compensatory decrease in basal PM CORT. Thus, in these animals, total average daily CORT was increased for 2-3 days after IS. In addition, CBG levels were decreased for 1-2 days after IS. Furthermore, even though basal PM CORT levels were not reliably elevated after IS, CBG was, nonetheless, substantially reduced at the PM as well as the AM measurement point. Thus, free CORT is likely to be elevated at the PM peak as well as the AM trough of CORT. Taken together, this pattern suggests that free CORT at target tissues could be meaningfully elevated for several days after IS.
Some sequelae of acute stressors occur during or soon after stressor exposure and are doubtlessly mediated by the acute rise in CORT produced by stressors. However, acute stressors can influence processes that are removed in time from the stressor and that occur over extended time periods. It is in such situations that the long term shifts demonstrated here might play an important role. For example, exposure to the identical IS stressor used here immediately after immunization with the antigen keyhole limpet hemocyanin (KLH) reduces the production of antibody specific to KLH from 5-21 days later (31). However, if the IS session is administered a number of hours before immunization with KLH so that the acute rise in CORT has returned to baseline by the time that KLH is given, IS, nevertheless, interferes with antibody production (32). Furthermore, the immune processes that lead to antibody production (antigen presentation, differentiation and proliferation of antigen-specific T helper cells, development of antigen specific B cells, etc.) extend over a number of days. Immune cells such as macrophages and lymphocytes have glucocorticoid receptors (331, and the long acting type II antagonist RU 486 (half-life estimates range from 20-48 h) (34) blocks the reduction in antibody to KLH produced by IS (17). Importantly, a CORT injection that leads to an acute CORT profile similar to that of IS has no effect on antibody (17), suggesting that it is the long term basal shift produced by IS that is responsible.
The mechanisms that produce the increase in basal CORT remain unknown.
One possibility could be a decrease in negative feedback signals. Although it has been documented that chronic stressor exposure and chronic CORT treatment down-regulate central glucocorticoid receptors, thus decreasing negative feedback (19), there is no evidence that exposure to an acute stressor can do so. In fact, van Dijken et al. (35) , suggest that exposure to an acute foot shock stressor results in an increase in negative feedback. Thus, a decrease in negative feedback is probably not the mechanism of increased basal CORT reported here. A second possibility is that exposure to IS caused an increase in positive drive to the HPA axis. Akana et al. (30) proposed that exposure to a stressor can result in facilitated positive drive to a second stressor. The facilitated drive that is normally masked by negative feedback was revealed in these studies by removing the negative feedback signal provided by CORT. Animals exposed to a first stressor and treated with cyanoketone (glucocorticoid synthesis inhibitor) showed a facilitated ACTH response to a second stressor. This same kind of facilitated positive drive could be the mechanism of the IS-induced increase in basal AM CORT. Perhaps the increase in CORT is revealed because circadian trough CORT levels are sufficiently low that the compensatory negative feedback response does not mask the facilitated positive drive. The data presented here cannot clearly distinguish between these mechanisms.
The mechanism that mediates the IS-induced CBG decrease also remains unclear. Neither CORT nor a decrease in binding affinity to CORT appears to be responsible. There are several other possibilities. CBG levels could be reduced due to an increase in clearance or a decrease in synthesis. An increase in clearance is possible; however, the increase would need to be small, given that an appreciable period of time after IS was required before CBG was reduced. CBG levels were normal immediately and 2 h after IS termination (our unpublished observations). CBG levels were reliably decreased 6.5-24 h after IS termination. A second possible explanation is that IS decreases CBG synthesis. CBG is synthesized by the liver (36), but the factors that regulate that process are not fully understood (37). One factor that has been shown to decrease CBG synthesis by Hep G2 cells is insulin-like growth factor I (IGF-I) (38). IGF can also be effected by stress. Although the evidence is scarce, it appears that stress such as restraint (391, exercise (401, or acute thermal stress (41) either decreases or has no effect on IGF levels. IGF was measured in these studies during or shortly after stressor exposure. It is possible that IGFs could increase later after stressor termination, resulting in a decrease in CBG. More work is required before a distinction between these possible mechanisms can be made.
Finally, it is important to note that the present data should not be taken to suggest that acute stressors, in general, elevate basal CORT and lower CBG. Indeed, many acute stressors have already been shown not to do so (4, 5, 15, 16) . Researchers investigating the physiological and hormonal consequences of stressor exposure should recognize the potential for subtle long term changes in HPA regulation in their acute as well as chronic stress models. A determination of the characteristics (e.g. intensity, duration, or controllability) that a stressor must have to produce the changes observed here must await further investigation.
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